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.4bstract. Pea plants (Pisun: sativum L. var. Alaska) subjected to low temperature
(50) in the light acquired resistance against chilling injiury.

Unhardened plants maintained high NADP and low NADPH levels during illumination
at 250 but hardened plants had low NADP and high NADPH levels in the light. When the
unhardened plants were transferred to the dark room at 250, their NADPH levels decreased
immediately. On the other hand, hardened plants maintained a high NADPH level for a

few hours even in the dark.

Cold injuiry wvithotut ice formation (chilling in-
jury) has been rarely studied (11), althouigh there
are many sttudlies of freezing injury (9). The
hardening process against freezing injury needs tlow
temperature and light (4). Hardening againsit
chilling iinjuiry also nmvigh,t nieed lo,w temperature
and light. If so, the mechanlism of frost hardiness
plroposed lw Levitt (5) might be adapted to that of
har(lening for chilling injulry. The SH;SS theory
is that frost resi,sitance is a resistance towvards SH
o.x;idation anid SHzSS interchange and( to forma-
tion of ilterm(olectllar SS bonds in lproteins. Thtis
the increase in SH content qin plants should be
observal)le in the hardened plants, althou,1gh the
increase in lproteiil SH was only observed dulring
the first stage of hardeninig (3). At lowver tem-
lperattire photosynthetically produced NADPH will
be usedl for other metabolic processes than the
fixatioi of carbon dTioxide, dlue to the markedlv
dlecreased CO., assimilationi. Thus, Levitt (6)
asstime(l that the _NADPH produced during the
har-deninlg process is available for the proteini SS
riediuctioil. T1n this investigation measuirement of
NADP'H anfl N.ADP levells in hardened anid uin-
bardenie(d plants have been mia(le in order to deter-
mine sx hether the resullts are consistent w ith the
SH±SS theory o-f hardening against chlilling.

Materials and Methods

Seeds of Alaska pea (PisUIm sativion L. var.
Alaska) wvere SowNI1 in pots (15 cm in diameter) in
the greenhouse, where the temperature was kept al
25°. Six un,iform plants with 8 internodes and of
almost (the same stem length (approx 30 cm) were
selected for the investigation.
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Cold Pretreaitnment (Hardening Process). Every
lay pea plants were subjected to loxx- temperature
(50) for 3 houirs (from 1 PM to 4 Pm) either utnder
natural suin light or in complete darkness.

Test for Resistance to Chilling Injury (SurviTval1
Test). One (lay afte,r the last cold-pre,treatment
pca plants xwere placed in a large refrigerator -at
-3 + 1° xvith a fan for 3 hoturs in ithe (lark and
retuirned to the greenhouse. Five days after the
treatment tiheir fresh weighits were meastired and
adlopted as a meastire of res,iistance to chillfing inl-
jury, since plants stuffering from chilling injurv
,are killed and shoxx- a marked decrease in fresh
\veigh)t.

illcasu renien ts of Fix(ation of Carbon Dioxide.
Fixation of carbon dioxide of the pea plants were
meastured with an infrared gas analyzer, Hitachi-
Horiba EtA-1. Two plants ea,ch were ctut and
pllaced in an as,similaition chamber, with an air flow
o(f 500 mil per m!inute. The uiptake of CO, was
measuired for 10 mintutes at 220 tinder an 1ililminla-
tlion of 20,000 ltx and expressed as mg CO rper
houir per 100 cm2 leaf area.

ASsay' for- NADPH and NADP. A preliminary
experiment revealed ithalt the levedls of NADH ancd
`NAD are unchanged after the hardening process.
Thtms the measurement of nticotinamide nucleotides
w\a,.s limited to NADPH an-d NADP. A 0.5
saml)le of ipea I)lants ctimt at the th,ird interinode wvas
rap dly ground in a glass homogenizer at 900 for
2 minites in the presence of aboutt 5 times its
Wl-eight of 0.1 x HCI. The other portion was
treated similarly with 0.1 N NaOH. Each was
then rapi.dly tranisferred tto an ice bath, and adiusted
to pH 7.6 before 0.3 ml of 0.2 M tris-HCI (pH 7.6)
xvas added. After the total volume of each homog-
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enate was measured, it was centrifuged at 10.000
X g for 20 minutes at 4°. Immediately after
extraotion, nicotinamide nucleotide was meastured
by an assay involving decrease in DCPIP (dichlloro-
phenolindophenol) at 610 mM tusing a Hitachi
spectrophotometer. Each reaction in ixtture coni-
sisted of 0.7 ml of tissue extraot, 0.8 ml of 0.2 M
tris-HCl buffer (pH 7.6), 0.1 ml of 0.2 M MgCl.,,
0.2 ml and 1.2 mm DCPIP, 0.2 ml of isocitrate
dehydrogenase, 0.1 mil of NADPH diaphorase.
0.1 ml of 0.2 Mm isocitrate and 0.8 ml of distilled
water (13). Recovery of NADP and NADPH
added while grindling samples waus consistently 85 %.
NADPH diaphorase was prepared from spinach
chloroplast by the method of Avron and jagendorf
(1), and isocitrate dehydregenase w-as prepared
from cotyledons of Vigna sesquiipedalis in the 2nd
day of germination by the method of Yamamoto
(13). Isocitrate soltution was prepared from DIL-
allo-free lisocitric acid lactone (Tokyo Kasei Co.
Ltd., Tokyo.) as described by Carpenter and
Beevers (2).

Results

Relation Bctween Photosynthesis and the Hard-
ening Process. Pea planits were subjected to co,ld-
pretreatment either in the light or dark, and tested
for sturvivalJ. Fresh weight of control means the
fresh weight of the plants kept in a greenhouise
withoumt either coild-pretreatment or sturvival test.
Planits cold-pretreated twice boith in the tlight and
the (lark acquired little resistance to chiflling injury,
btut plants subjected to cold-pretreatment for more
than 3 itimes in the light acquired resistance and
gave almost 'the same fresh we:ght as that of the
control. On the other hand, the plants subjected
to cold-pretreatment in the (lark showed le,ss re-
sistance than the iplants treated in t'he light. These
results stuggest that 'low temperature and light are
necessar) for hardening against chilling injutry.
The possibility was considered that plants subjected
to cold-pretreatment m ght have a stuppressed
utilization of NADPH. If the cold-pretreatment
severely suippressed 'the utilization, the dry weight
of the uinhardened plants would be expected to be
greater than tha't of the 'hardened plants. Siixty pea
plants were suibjected to 5 times cold-pretreatment
in the light, and their dry weight was measutred.
Little difference 'in the dry weight between iun-
hardened (87.2 mg per plant) and hardened plants
(83.2 mg per plant) was found. Moreover, fixation
of carbon dioxide measuired by an infrared gas
analyzer showed oinly Ilittle difference between un-
h'ardened (13.7 mg CO.) and hardened plants
(10.9 mg CO, per hr per 100 cm2 leaf area). We
mlight assume that the hardened plants have the
ability to utilize NADPH.

Level of NADP and NADPH in Unhardened
Plants in the Light. Plants kept in the greenhouse
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FIG. 1. Hardening under the light or dark. Pea
plants were subjected to cold pretreatment either under
the light or the dark, and brought to the survival test.
Fresh weight of control means the fresh weight of
the plants kept in the greenhouse neither cold-pretreat-
ment nor survival test.

at 250 without -cold-pretreaitment were harvested
from 1 PM to 5 PM at half hour intervals, and
asslayed for the NADP and NADPH leveqs (fig 2).
Levels o,f NADP an,d NADPH was constant during
the 4 hour per'iod.

Level of Hardened Plants in the Light. A
similar experiment was performed using the plants
subjected 5 times to a clold-pretreatmen't. The
hardened plants had a higher NADPH th-an NADP
level which is the reverse relation to the inhardened
plants (fig 3). The gradually decreased level of
NADPH is probably catused by the decrease in
suinllight tow,ards evening in the greenhou1se. The
toltal amo,unt of NADP and NADPH at any one
time is constant, as in the case of unhardened plants.

Level of Hardened and Unhardened Plants (after
Transfer to the Dark Room. Plants kept in the
greenhotuse without cold-pretreatment were trans-
ferred to the dark room at 250 at 1 PM and assaved
for the levels of NADP and NADPH dturing 4
hours. At 'the time of transfer to the dark room
the levels o'f NADP and NADPH were similar to
the levels in figure 2. Immediately after transfer
tio the dark room a marked decrease in NADPH
level and an increase in NADP level were observed
(fig 4). A similar experiment was performed
using plants cold-pretreated 5 times (fig 5). A
constant decrease in NADPH and a constant in-
crease in NADP levels were observed even within
a few hours of the transfer to the dark room, btit
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the velocity of the chaniges
and NADP in hardened plat

opening of stomnata and increase in tranispirationi
(11, 12). 'I'hst the removal of intermolecular

RK water from protoplasm andl the formation of dehy-
drate(l protein in the cells might cautse death, as ini

,, the case of cold injtury with ice formation.
5* The maintenance of high 'NADPH level corn-

DP paredl to N-ADP level in the hardened cells clearly
supports Levitt's theory that NTADPH produced
photosynthetically at lower temperatture leads to
re(lilctioni of un1lknow-ni sithstanices in the cell which
may then reduice protein SS sites. If the NADPH

DPH formed is mcainitainied at a high level in the chloro-
DPo plast eveni in -the dark, the dark reactionl in photo-

o ° syn-thesis shotuld be suppressed. The present experi-
ments clearly showxv that there is little suppression.
Buit the NADPH in the hardened plants might

pretreated migrate into the protoplast from the chloroplast.
Pretreoted This hi,gh level of NADPH in the protoplast might
nts be expected to mailntain the high SH content of

proteins.
Oh-hnama anid Mivachi (7, 8), and Orgen anid

I I I Krogmann (10) observed in Chlorclai ithat photo-
2 3 4 synthetically reduticed NADPH disappears com-
AE (hr) pletelv in a few minuiltes in the dark. The present
)P levels of once cold- stuldv also shows the rapid decrease of NADPH

levels in the unbhardened pl)ants in the dark. How-
cver, hardenedl plants show- a markedly slow- de-
crease of NADPH in the dark. Thuis the maill-

inl ilevels of NADPH: tenianice of high NADPH levels is an outstanding
nts is far slioweir than physiological phenlo-melnoni in the har(lenie(d llants.

tfhat in uiihardeined plants. The levels of NADPH
anlld NADP were measured uis'ing planlts cold-pre-
treated only once (fig 6). Again a decrease in
NADPH leveil anid an increase in NADP level were
observed. The periood, during wh,ich NADPH is
mnainta,ined at a higher level than NADP, however,
was longer in the plants that were cold-pretreate(d
5 times. The periods of time, during which the
NADP and NADPH levels have the same valuie
were 220 minutes and 20 minutes in 5 times cold-
pretreated and once cold-pretreated plants, re-

spectively.

Discussion

Unhardened pea plants were killed at -30
without ice formation. Most of the studlies on
freezing injury have been performed tinder condi-
tionls of ice formation in the leaves (9). Thus,
the present experiment olyll deals w-ith chilling
injiiry and notswith injtury dutie to ice formation.
Frost hardiness takes p,lace at low temperature in
the light, andcl in this experiment hardening against
chillfing injuiry also takes pl)ace under the same
con,ditions. Such a fact might suggest that the
hardiness to freezing an,d to chilling are caused b)-
the same mechanism. Levitt (5) has emphasized
that the remo-val o,f intermolecuilar water to the ice
loc,i pllls the compression of the dehydrated protein
molecules lead to death of the cell. Unhardened
plants subjected to low- tcrnlperatuire show sudden
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